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Introduction
Spondylolytic spondylolisthesis (SSL) is deﬁned as an
osseous discontinuity of the vertebral arch at the
isthmus—the pars interarticularis—predominantly occur-
ring in the ﬁfth lumbar vertebra. Kilian [27] is credited
with the ﬁrst recognition of spondylolisthesis as anterior
slippage of the last lumbar vertebra against the sacrum
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Abstract Introduction Spondylolytic
spondylolisthesis is an osseous dis-
continuity of the vertebral arch that
predominantly aﬀects the ﬁfth lum-
bar vertebra. Biomechanical factors
are closely related to the condition.
An immunohistochemical investiga-
tion of lysis-zone tissue obtained
from patients with isthmic spondyl-
olisthesiswas performed todetermine
the molecular composition of the ly-
sis-zone tissue and enable interpreta-
tion of the mechanical demands to
which the tissue is subject.Methods:
During surgery, the tissue ﬁlling the
spondylytic defects was removed
from 13 patients. Twelve spondylo-
listheses were at the L5/S1 level with
slippage being less than Meyerding
grade II. Samples were methanol
ﬁxed, decalciﬁed and cryosectioned.
Sections were labelled with a panel of
monoclonal antibodies directed
against collagens, glycosaminogly-
cans and proteoglycans. Results: The
lysis-zone tissue had an ordered col-
lagenous structure with distinct ﬁ-
brocartilaginous entheses at both
ends. Typically, these had zones of
calciﬁed and uncalciﬁed ﬁbrocarti-
lage labelling strongly for type II
collagen and aggrecan. Labelling was
also detected around bony spurs that
extended from the enthesis into the
lysis-zone. The entheses also labelled
for types I, III and VI collagens,
chondroitin four and six sulfate, ker-
atan and dermatan sulfate, link pro-
tein, versican and tenascin.
Conclusions: Although the gap ﬁlled
by the lysis tissue is a pathological
feature, the tissue itself has hallmarks
of a normal ligament—i.e. ﬁbrocar-
tilaginous entheses at either end of an
ordered collagenous ﬁbre structure.
The ﬁbrocartilage is believed to dis-
sipate stress concentration at the
hard/soft tissue boundary. The
widespread occurrence of molecules
typical of cartilage in the attachment
of the lysis tissue, suggests that com-
pressive and shear forces are present
to which the enthesis is adapted, in
addition to the expected tensile forces
across the spondylolysis. Such a
combination of tensile, shear and
compressive forces must operate
whenever there is any opening or
closing of the spondylolytic gap.
Keywords Spondylolytic
spondylolisthesis Æ Spondylolysis Æ
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[12, 40]. The ﬁrst theoretical and subsequent biomechan-
ical identiﬁcation of a discontinuity of the pars interar-
ticularis as a compulsory feature of spondylolisthesis, in
addition to disruption of the intervertebral disc, wasmade
by Robert [43]. Several epidemiological studies have since
revealed the incidence in Caucasian populations to reach
4–6% [35, 52], which rise as high as 26% in secluded Es-
kimo populations [50]. The classical form of SSL does
however not occur in non-ambulatory individuals [44],
linking it not only to a genetic predisposition [18, 62, 58]
but also to biomechanical factors associated with spino-
pelvic balance and repetitive loading [4, 15, 22, 25, 34, 59].
While several conventional histological investigations of
the isthmic lesion have been performed in children [39, 49,
64] and adults [52, 58], the functional signiﬁcance of the
tissue bridging the bony defect (subsequently referred to
as the ‘lysis-zone tissue’) is unclear. As this tissue forms a
ﬁbrous link between two regions of bone, it acts as a lig-
ament. Normal ligaments have specialised bony attach-
ment sites or ‘entheses’, which may be ﬁbrous or
ﬁbrocartilaginous, depending on the mechanical loads to
which they are subject [2, 3]. Although both types of en-
theses transfer tensile load to bone, ﬁbrocartilaginous
attachments are also subject to compression and shear [2,
3]. This is reﬂected by diﬀerences in the composition of the
extracellular matrix (ECM) and in particular by the
presence of aggrecan and type II collagen at ﬁbrocarti-
laginous entheses [2, 3]. These molecules are typical of
articular cartilage —which is a tissue noted for its ability
to distribute compressive forces across synovial joints
[55]. In any ligament where ‘insertional angle’ changes
accompany joint movement, that ligament will inevitably
be subject to compressive and shearing forces at its en-
theses. As the tissue bridging a spondylolytic defect can be
viewed as a very short ligament, any relative movement of
bone on either side of the spondylolysis should magnify
insertional angle change. We have thus sought to deter-
mine the structure of the lysis-zone tissue through an
immunohistochemical study of its ECM and, in particu-
lar, whether its entheses are ﬁbrous or ﬁbrocartilaginous,
hereby-enabling interpretation of the mechanical de-
mands to which the tissue is subject.
Materials and methods
The lysis-zone tissue ﬁlling the spondylytic defects of 13
individuals (age range 36–60 years, mean 45 years, both
sexes) undergoing spondylodesis for low-grade isthmic
spondylolisthesis was removed during surgery. All pa-
tients had bilateral spondylolysis and all of the spond-
ylolisthesis were at the L5/S1 level except one, which was
at L4/5. In no case was slippage greater than Meyerding
grade II (i.e. greater than 50% [61]). Moderate to
advanced disc degeneration, with obvious loss of disc
height or loss of hydration signal on magnetic resonance
imaging, was present in all cases. Persistent or exacer-
bated back pain had been present for at least 3 months
in all patients and most reported a history of recurring
low back pain for several years along with mild symp-
toms of L5 nerve root compression. Informed consent
was obtained from all patients for the entire procedure
and the Declaration of Helsinki (http://www.fda.gov/oc/
health/helsinki89.html) was strictly followed. The
spondylolytic region was identiﬁed during surgery and
the lysis-zone tissue and a small part of the adjacent
bone was removed as completely as possible without
endangering the neighbouring nerve root. In six patients,
the tissue could be collected from both sides and in se-
ven, from one side only. Thus a total of 19 specimens
were examined. In 12 of these, both entheses were in-
cluded, but only one enthesis was available in the others.
Tissue samples were ﬁxed for 24 h in 90% methanol at
4C. The tissue was decalciﬁed in 5% EDTA, inﬁltrated
with a 5% sucrose solution in PBS for 12 h and cryo-
sectioned at 12 lm on a HMV500 Microm cryostat.
Sections were stained with toluidine blue and labelled
with a panel of monoclonal antibodies directed against
collagens (types I, II, III and VI), glycosaminoglycans
(chondroitin four and six sulfates, keratan and dermatan
sulfates) and proteoglycans (aggrecan, link protein,
versican and tenascin). Details of the antibodies are gi-
ven in Table 1, together with pre-treatment procedures.
The activity of endogenous peroxidase was blocked with
0.3% hydrogen peroxide in methanol and any non-spe-
ciﬁc binding of the secondary antibody was reduced by
incubating the sections with horse serum. Antibody
binding was detected with a Vectastain ABC ‘Elite’
avidin/biotin/peroxidase kit (Vector Laboratories, Bur-
lingame, CA, USA) and control sections were made by
omitting the primary antibody. All control sections were
unlabelled
Results
The position of the lysis-zone tissue in a typical spondyl-
olytic defect at L5/S1 is shown inFig. 1a. In all specimens,
the tissue was highly organised with structurally ordered
collagen bundles and distinct ﬁbrocartilaginous entheses
at both its pedicle and vertebral arch ends (Figs. 1b, 2a).
Typically, these entheses had zones of calciﬁed and un-
calciﬁed ﬁbrocartilage that were separated from each
other by a tidemark (Fig. 2a). The cells in the uncalciﬁed
ﬁbrocartilage were typically arranged in longitudinal
rows (Fig. 2a).
In all specimens, the ECM of the enthesis ﬁbrocar-
tilage labelled strongly for type II collagen and aggre-
can (Fig. 2b, c). Labelling was also detected around
bony spurs that extended from the enthesis into the
lysis-zone in some specimens (Fig. 2d) and in regions of
chondroid bone (Fig. 2e). At the latter sites, the ﬁ-
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brocartilage cells were densely, but irregularly, ar-
ranged on the soft tissue side of the bony interface
(Fig. 2f). The entheses consistently also labelled for
types I, III and VI collagens, several glycosaminogly-
cans (chondroitin four and six sulfate, keratan sulfate
and dermatan sulfate), link protein, versican and
tenascin. However, labelling for type I collagen (7 of
19) and versican (2 of 19) was locally absent in some
specimens close to the tidemark (Fig. 2g). In some
specimens, the subchondral bone at the enthesis con-
tained conspicuous fragments of calciﬁed cartilage that
were readily identiﬁable by their positive labelling for
type II collagen and by the absence of labelling for type
I collagen (Fig. 2h).
Evidence of ﬁbrocartilage diﬀerentiation was also
seen in the mid-substance of the lysis-zone tissue along
with occasional islands of bone. The ﬁbrocartilaginous
ECM labelled for aggrecan and link protein in all
specimens and for type II collagen in 14 out of 19 cases
(Fig. 2i).
Discussion
Ossiﬁcation of the isthmus region begins bilaterally from
the medial circumference of the vertebral arch at the
prenatal gestation age of 8 weeks [53], appearing ﬁrst at
L1 and last at L5 [1]. Bone ﬁrst starts to appear as a
perichondral sheath and progresses to almost complete
replacement of cartilage by bone by the time of birth
[53]. Correspondingly, spondylolytic lesions of the isth-
mus have rarely, if ever, been observed in the fetus or
new-born [57,63]. Nevertheless, the developmental pro-
cess of the vertebral arch remains active through bone
remodelling up to 7-9 years of age [42]. Interestingly,
spondylolytic defects of the lumbosacral spine are most
commonly recognised between 4-6 years of age [31] and
Table 1 List of monoclonal antibodies used, together with their dilutions, pretreatments and sources
Antigen(s) recognized: Antibody Dilution Enzyme pretreatment Source References
Collagen I Col 1 1:2000 Hyal (1.5 IU/ml) and ChABC (0.25 IU/ml) Sigma None
Collagen II CIICI 1:5 Hyal (1.5 IU/ml) and ChABC (0.25 IU/ml) DSHB 21
Collagen III III-53 (4H12) 1:500 Hyal (1.5 IU/ml) and ChABC (0.25 IU/ml) ICN None
Collagen VI 5C6 1:6 None DSHB 20
Chondroitin-4-sulfate 2B6 1:1500 ChAC (0.25 IU/ml) B. Caterson 10
Chondroitin 4 and dermatan sulfates 2B6 1:1500 ChABC (0.25 IU/ml) B. Caterson 10
Chondroitin-6-sulfate 3B3 1:80 ChABC (0.25 IU/ml) B. Caterson 10
Keratan sulfate 5D4 1:1500 None B. Caterson 9
Aggrecan 1C6 1:10 ChAC (0.25 IU/ml) after reduction and alkylation DSHB 8
Link Protein 8A4 1:10 ChAC (0.25 IU/ml) after reduction alkylation DSHB 8
Versican 12C5 1:10 ChAC (0.25 IU/ml) DSHB None
Tenascin T2H5 1:100 ChAC (0.25 IU/ml) Novocastra 56
All antibodies are mouse monoclonals, except for 3B3, which is a rat monoclonal. DSHB developmental studies hybridoma bank, ChAC
Chondroitinase ACII (Sigma), ChABC Chondroitinase ABC (Sigma), Hyal Hyaluronidase (Sigma)
Fig. 1 Diagrammatic representation of the lysis-zone tissue ﬁlling a
spondylolytic defect between L5 and S1. The low power view on the
left (a) shows the position of the lysis-zone tissue (LZ) and the
distinction between its two entheses—the ‘vertebral arch’ enthesis
(AE) and the ‘pedicle’ enthesis (PE). The drawing on the right (b)
summarises diagrammatically the ligamentous organisation of the
lysis-zone tissue. There are ﬁbrocartilaginous entheses at both the
pedicle and vertebral arch ends of the tissue and a distinction can
be made between zones of uncalciﬁed (UF) and calciﬁed (CF)
ﬁbrocartilage. P pedicle
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several well documented cases of de novo formation of
the defect exist in the literature [57]. Histologically, the
defect is found to begin at the lateral and anterior cir-
cumference of the isthmus with regions of bone resorp-
tion and remodelling, which vary from a regionally
weakened isthmus to complete osseous disruption [64].
These ﬁndings correspond to a certain degree with ﬁnite
element analyses that reveal the anterior isthmus to be
most vulnerable to mechanical stress in various loading
conditions [24]. Progressive or high grade vertebral
slippage can occur in the vertebral growth plate
[23,26,28,46], altering the loading situation of the pae-
diatric isthumus and potentially leading to formation of
the spondylolytic defeat. When it occurs, the paediatric
defect is highly vascularised with disordered collagenous
and cartilaginous tissue spanning the defect [52,64],
whereas the adult defect is characterised by ordered
tissue [52,58]. In juveniles, osseous reunion may occur
[31,49,55,60], however, if there is non-union, the lysis-
zone tissue will conform to a speciﬁc mechanical envi-
ronment that persists into adulthood.
Despite the fact that the gap in which the lysis tissue
forms is a pathological feature, the tissue obtained in our
study has an ordered structure and is always attached to
bone by ﬁbrocartilaginous entheses, that are typical of a
normal ligament [17,45]. Mechanical stresses are known
to be important in regulating tissue diﬀerentiation both
during normal development and in regeneration or re-
pair. There are clear parallels between the formation of
ﬁbrocartilaginous entheses in the lysis-zone tissue, the re-
establishment of such entheses after the surgical re-
attachment of a ligament or tendon [11,16,54,60] and in
the formation of ﬁbrocartilage in pseudoarthroses
[30,19]. Fibrocartilage at a bony interface is widely be-
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lieved to provide a two-tier system of protection against
stress concentration [2,3,48]. The zone of calciﬁed ﬁbro-
cartilage anchors the ligament to the bone and enables it
to withstand shearing forces occurring during changes of
insertional angle, while the uncalciﬁed ﬁbrocartilage is
believed to dissipate bending forces away from the hard/
soft tissue boundary. Both of these zones are present in
the lysis tissue and this suggests that such tissue is subject
to comparable types of mechanical loading which direct
the diﬀerentiation of mesenchymal progenitor cells
within it. The widespread occurrence of molecules typical
of cartilage in the lysis tissue – notably type II collagen,
aggrecan, link protein and chondroitin 6 sulfate, strongly
suggests that compressive and shear forces are acting
within the tissue. While tensile forces are expected to be
present across the spondylolytic defect through axial
loading of the lumbar spine, shear and compressive for-
ces must operate whenever there is any motion within the
gap. Gap dimensions inevitably change in bilateral de-
fects, when movements occur between the spine and the
pelvis. They occur because there is a shift in the instan-
taneous axis of rotation in ﬂexion and extension from the
disc and lower adjacent vertebral body to the spondylo-
lytic vertebra [47]. The bony ring in which the defect lies,
is hereby subject to mechanical loading which deforms it
and thus alters the gap size. An analogous mechanical
situation occurs in the normal acetabulum in connection
with its transverse ligament [29,32]. Here, the size of the
acetabular notch across which the ligament spans,
changes with the loading on the hip joint.
The presence of ﬁbrocartilage in the midsubstance of
the ligament is comparable to a similar ﬁnding in the
transverse ligament of the atlas, in the region where the
ligament is compressed against the dens [37]. In the
spondylolytic gap, compressive forces that trigger such a
diﬀerentiation could be a consequence of torsional
movements of the spine. The exact reason why the ‘mid-
substance ﬁbrocartilage’ composition did not include
collagen type II in all specimens (14 of 19) is unclear, but
may reﬂect inter-individual variations in the torsional
forces. While our ﬁndings reveal clear structural parallels
between the spondylolytic tissue and normal ligaments,
the origin is not embryological but develops from a
paediatric bone defect [31, 57, 63]. From this perspective,
the spondylolysis may be likened to a pseudoarthrotic
bone defect, in which the connective tissue bridging the
defect has undergone speciﬁc structural adaptation. The
structure of the ﬁbrocartilage is probably analogous to
that reported by Heggeness et al. [19] in lumbar
pseudoarthoses. Correspondingly, chondroid bone (a
form of woven bone), which has been reported here at the
spondylolytic tissue entheses, is also a feature of the
newly formed tissue boundary in surgical reconstruc-
tions. According to Oguma et al. [41], it develops prior to
the re-appearance of ﬁbrocartilage. The presence of
woven bone in association with the lysis-zone tissue and
the identiﬁcation of islands of calciﬁed ﬁbrocartilage
isolated within the bone just beneath the entheses, sug-
gests an attempt at osseous healing that occurs in some,
but not all, patients. Woven bone is typical of new bone
formation and is well-documented both in fracture
healing and during normal development [14]. Burr et al.
[7] have suggested that woven bone production can be a
normal response to abnormal strains. Calciﬁed ﬁbro-
cartilage fragments persisting within the bone that
underlies an attachment site probably suggests recent
episodes of endochondral ossiﬁcation—which is again
indicative of bone turnover in some patients. We support
the view of Cullinane et al. [13] that there is a direct
relationship between mechanical loading conditions,
gene expression and tissue diﬀerentiation within a heal-
ing bone defect. The molecular architecture of lysis-zone
entheses suggests that mechanical inﬂuences on tissue
repair can recapitulate some aspects of the early enthesis
development within attempts at healing in a pseudo-
arthrotic adult bone defect.
In summary, despite the genetic predisposition for
SSL that has been reported by other authors [18, 62], our
ﬁnding that the lysis-zone tissue associated with spond-
ylolytic defects, has ﬁbrocartilaginous entheses, suggests
that speciﬁc mechanical forces act at its attachment sites.
As ﬁbrocartilaginous entheses are typical of normal lig-
aments in which compressive, tensile and shear forces act
[5, 6, 33, 36–38], we suggest that compression and shear
at the entheses of the lysis-zone tissue may be a conse-
quence of insertional angle changes that are inevitably
magniﬁed in short ligaments. While we cannot ascertain
the structural strength of the lysis-zone tissue, the ECM
composition clearly indicates a functional adaptation to
the described combination of tensile and shearing forces.
Fig. 2 Immunohistochemical labelling of extracellular matrix
molecules at the entheses of the lytic tissue in spondylolytic
defects. a Toluidine blue staining of an enthesis to show the
presence of distinct zones of calciﬁed (CF) and uncalciﬁed
ﬁbrocartilage (UF) that are separated from each other by a
tidemark (T). Note the longitudinal rows of ﬁbrocartilage cells
(arrows). B bone. Scale bar 100 lm. b Type II collagen labelling
on the soft tissue side of the enthesis. B bone. Scale bar 100 lm. c
Aggrecan labelling on the soft tissue side of the enthesis. B bone.
Scale bar 100 lm. d Small bony spurs surrounded by type II
collagen staining matrix. Scale bar 200 lm. e Aggrecan labelling
of chondroid bone (CB). Note the adjacent labelling in the
uncalciﬁed ﬁbrocartilage (UF). Scale bar 100 lm. f Type I
collagen labelling in lamellar bone (B), chondroid bone (CB)
and the zone of uncalciﬁed ﬁbrocartilage (UF). Scale bar 100 lm.
g Patchy labelling (arrows) for versican. Note the local absence of
labelling near the tidemark (T). B bone, UF uncalciﬁed ﬁbrocar-
tilage. Scale bar 100 lm. h Isolated fragments of calciﬁed
ﬁbrocartilage (CF) within the bone beneath the enthesis. The
fragments can be readily identiﬁed because they do not label with
type I collagen—unlike the surrounding bone (B). Scale bar
200 lm. i Streaky labelling for type II collagen (arrows) in the
mid substance of the spondylolytic ligament in association with
the presence of ﬁbrocartilage cells (FC). Scale bar 100 lm
b
969
Acknowledgements Antibodies CIICI, 5C6, 1C6, 8A4 and 12C5
were obtained from the Developmental Studies Hybridoma Bank
(DSHB) maintained by the Department of Pharmacology and
Molecular Sciences, Johns Hopkins University School of Medicine,
Baltimore, MD., and the Department of Biology, University of
Iowa, Iowa City, Iowa, under contract NO-HD-6-2915 from the
NICHD.
References
1. Bareggi R, Grill V, Zweyer M, Narducci
P, Forabosco A (1994) A quantitative
study on the spatial and temporal ossi-
ﬁcation patterns of vertebral centra and
neural arches and their relationship to
the fetal age. Ann Anat 176:311–317
2. Benjamin M, McGonagle D (2001) The
anatomical basis for disease localisation
in seronegative spondyloarthropathy at
entheses and related sites. J Anat
199:503–526
3. Benjamin M, Kumai T, Milz S, Bos-
zczyk BM, Boszczyk AA, Ralphs JR
(2002) The skeletal attachment of ten-
dons—tendon entheses. Comp Biochem
Phys A Mol Integr Physiol 133:931–945
4. Bono CM (2004) Low-back pain in
athletes. J Bone Joint Surg Am
86A:382–396
5. Boszczyk BM, Boszczyk AA, Putz R,
Bu¨ttner A, Benjamin M, Milz S (2001)
An immunohistochemical study of the
dorsal capsule of the lumbar and tho-
racic facet joints. Spine 26:E338–E343
6. Boszczyk AA, Boszczyk BM, Putz R,
Benjamin M, Milz S (2003) Expression
of a wide range of ﬁbrocartilage mole-
cules at the enthesis of the alar liga-
ments—possible antigenic targets of
rheumatoid arthritis. J Rheumatol
30:1420–1425
7. Burr DB, Schaﬄer MB, Yang KH,
Lukoschek M, Sivaneri N, Blaha JD,
Radin EL (1989) Skeletal change in re-
sponse to altered strain environments: is
woven bone a response to elevated
strain? Bone 10:223–233
8. Calabro A, Hascall VC, Caterson B
(1992) Monoclonal antibodies directed
against epitopes within the core protein
structure of the large aggregating pro-
etoglycan (aggrecan) from the swarm
rat chondrosarcoma. Arch Biochem
Biophys 298:349–360
9. Caterson B, Christner JE, Baker JR
(1983) Identiﬁcation of a monoclonal
antibody that speciﬁcally recognizes
corneal and skeletal keratan sulphate.
Monoclonal antibodies to cartilage
proteoglycan. J Biol Chem 258:8848–
8854
10. Caterson B, Christner JE, Baker JR,
Couchman JR (1985) Production and
characterization of monoclonal anti-
bodies directed against connective tis-
sue proteoglycans. Fed Proc 44:386–
393
11. Chen CH, Chen WJ, Shih CH, Yang
CY, Liu SJ, Lin PY (2003) Enveloping
the tendon graft with periosteum to
enhance tendon-bone healing in a bone
tunnel: a biomechanical and histologic
study in rabbits. Arthroscopy 19:290–
296
12. Chiari H (1892) Die A¨tiologie und
Genese der sogenannten spondylolis-
thesis lumbo-sacralis. Z Heilk 13:199–
262
13. Cullinane DM, Salisbury KT, Alkhiary
Y, Eisenberg S, Gerstenfeld L, Einhorn
TA (2003) Eﬀects of the local mechan-
ical environment on vertebrate tissue
diﬀerentiation during repair: does repair
recapitulate development? J Exp Biol
206:2459–2471
14. Einhorn TA (1998) The cell and
molecular biology of fracture healing.
Clin Orthop 355(Suppl):S7–S21
15. Farfan HF, Osteria V, Lamy C (1975)
The mechanical etiology of spondylol-
ysis and spondylolisthesis. Clin Orthop
117:40–55
16. Fujioka H, Thakur R, Wang GJ, Miz-
uno K, Balian G, Hurwitz SR (1998)
Comparison of surgically attached and
non-attached repair of the rat achilles
tendon-bone interface. Cellular organi-
zation and type X collagen expression.
Connect Tissue Res 37:205–218
17. Gao J, Messner K, Ralphs JR, Benja-
min M (1996) An immunohistochemical
study of enthesis development in the
medial collateral ligament of the rat
knee joint. Anat Embryol 194:399–406
18. Haukipuro K, Kera¨nen N, Koivisto E,
Lindholm R, Norio R, Punto L (1978)
Familial occurrence of lumbar spond-
ylolysis and spondylolisthesis. Clin
Genet 13:471–476
19. Heggeness MH, Esses SI, Mody DR
(1993) A histologic study of lumbar
pseudarthrosis. Spine 18:1016–1020
20. Hessle H, Engvall E (1984) Type VI
collagen. Studies on its localization,
structure, and biosynthetic form with
monoclonal antibodies. J Biol Chem
259:3955–3961
21. Holmdahl R, Rubin K, Klareskog L,
Larsson E, Wigzell H (1986) Charac-
terization of the antibody response in
mice with type II collagen-induced
arthritis using monoclonal anti-type II
collagen antibodies. Arth Rheum
29:400–410
22. Hutton WC, Stott JR, Cyron BM
(1977) Is spondylolysis a fatigue
fracture? Spine 2:202–209
23. Ikata T, Miyake R, Katoh S, Morita T,
Murase M (1996) Pathogenesis of sports
related spondylolisthesis in adolescents
radiographic and magnetic resonance
imaging study. Am J Sports Med 24:94–
98
24. Inoue H, Ohmori K, Ishida Y, Suzuki
K, Tanaka K, Murakami S (1998)
Finite element analysis of the lower
lumbar neural arch under facet loading.
J Spinal Disord 11:241–247
25. Jackson RP, Phipps T, Hales C, Surber
J (2003) Pelvic lordosis and alignment in
spondylolisthesis. Spine 28:151–160
26. Kajiura K, Katoh S, Sairyo K, Ikata T,
Goel VK, Murakami R (2001) Slippage
mechanism of paediatric spondyloly-
sis—biomechanical study using
immature calf spines. Spine 26:2208–
2213
27. Kilian HF (1853) De spondylolisthesi,
gravissimae pelvangustiae causa
nuper detecta. Commentatio
anatomico-obstetricia. Bonn
28. Konz RJ, Goel VK, Grobler LJ,
Grosland NM, Spratt KF, Scifert JL,
Sairo K (2001) The pathomechanism of
spondylolytic spondylolisthesis in
immature primate lumbar spines—in
vitro and ﬁnite element assessments.
Spine 26:E38–E49
29. Lazennec JY, Laudet CG, Guerin-Sur-
ville H, Roy-Camille R, Saillant G
(1997) Dynamic anatomy of the ace-
tabulum: an experimental approach and
surgical implications. Surg Radiol Anat
19:23–30
30. Loboa EG, Beaupre GS, Carter DR
(2001) Mechanobiology of initial pseu-
darthrosis formation with oblique frac-
tures. J Orthop Res 19:1067–1072
31. Lonstein JE (1999) Spondylolisthesis in
children—cause, natural history and
management. Spine 24:2640–2648
32. Lo¨he F, Eckstein F, Sauer T, Putz R
(1996) Structure, strain and function of
the transverse acetabular ligament. Acta
Anat (Basel) 157:315–323
33. Major NM, Helms CA, Richardson WJ
(1999) MR imaging of ﬁbrocartilagi-
nous masses arising on the margins of
spondylolysis defects. Am J Roentgenol
173:673–676
970
34. Marty C, Boisaubert B, Descamps H,
Montigny JP, Hecquet J, Legaye J,
Duval-Beaupe`re (2002) The sagittal
anatomy of the sacrum among young
adults, infants, and spondylolisthesis
patients. Eur Spine J 11:119–125
35. McTimoney CA, Micheli LJ (2003)
Current evaluation and management of
spondylolysis and spondylolisthesis.
Curr Sports Med Rep 2:41–46
36. Milz S, Valassis G, Bu¨ttner A, Maier M,
Putz R, Ralphs JR, Benjamin M (2001)
Fibrocartilage in the transverse liga-
ment of the human acetabulum. J Anat
198:223–228
37. Milz S, Schlu¨ter T, Putz R, Moriggl B,
Ralphs JR, Benjamin M (2001) Fibro-
cartilage in the transverse ligament of
the human atlas. Spine 26:1765–1771
38. Moriggl B, Jax P, Milz S, Bu¨ttner A,
Benjamin M (2001) Fibrocartilage at the
entheses of the suprascapular (superior
transverse scapular) ligament of man—a
ligament spanning two regions of a single
bone. J Anat 199:539–545
39. Mosimann P (1961) Die histologie der
spondylolyse. Arch Orthop Unfallchir
53:264–285
40. Newell RL (1995) Spondylolysis—an
historical review. Spine 20:1950–1956
41. Oguma H, Murakami G, Takahashi-
Iwanaga H, Aoki M, Ishii S (2001)
Early anchoring collagen ﬁbers at the
bone-tendon interface are conducted by
woven bone formation: light micro-
scope and scanning electron microscope
observation using a canine model.
J Orthop Res 19:873–880
42. Reichmann S (1971) The postnatal
development of form and orientation
of the lumbar intervertebral joint sur-
faces. Z Anat Entwicklungsgesch
133:102–123
43. Robert (1855) Eine eigenthu¨mliche
angeborene lordose, wahrscheinlich be-
dingt durch eine verschiebung des ko¨r-
pers des letzten lendenwirbels auf die
vordere ﬂa¨che des ersten kreuzbeinwir-
bels (Spondylolisthesis Kilian), nebst
bemerkungen u¨ber die mechanik dieser
beckenformation. Monatsschr f Ge-
burtsk 5:81–94
44. Rosenberg NJ, Bargar WL, Friedman B
(1981) The incidence of spondylolysis
and spondylolisthesis in nonambulatory
patients. Spine 6:35–38
45. Rufai A, Benjamin M, Ralphs JR
(1992) Development and ageing of
phenotypically distinct ﬁbrocartilages
associated with the rat achilles tendon.
Anat Embryol 186:611–618
46. Sairo K, Katoh S, Sakamaki T, Inoue
M, Komatsubara S, Ogawa T, Sano T,
Goel VK, Yasui N (2004) Vertebral
forward slippage in immature lumbar
spine occurs following epiphyseal sepa-
ration and its occurrence is unrelated to
disc degeneration. Spine 29:524–527
47. Sakamaki T, Katoh S, Sairyo K (2002)
Normal and spondylolytic pediatric
spine movements with reference to
instantaneous axis of rotation. Spine
27:141–145
48. Schneider H (1956) Zur struktur der
sehnenansatzzonen. Z Anat 119:431–
456
49. Schreiber A, Willert HG (1970) Zur
pathogenese der spondylolyse. Verhdl
Dtsch Orthop Traumat Ges 56:333
50. Stewart T (1953) The age incidence of
neural arch defects in alaskan natives,
considered from the standpoint of eti-
ology. J Bone Joint Surg 35-A:937–950
51. Sys J, Michielsen J, Bracke P, Martens
M, Verstreken J (2001) Nonoperative
treatment of active spondylolysis in elite
athletes with normal X-ray ﬁndings:
literature review and results of conser-
vative treatment. Eur Spine J 10:498–
504
52. Taillard WF (1976) Etiology of spond-
ylolisthesis. Clin Orthop 117:30–39
53. To¨ndury G (1958) Ent-
wicklungsgeschichte und fehlbildungen
der wirbelsa¨ule. In: Junghans H (ed) Die
Wirbelsa¨ule in Forschung und Praxis.
Stuttgart: Hippokrates 39–46
54. Uhthoﬀ HK, Seki M, Backman DS,
Trudel G, Himori K, Sano H (2002)
Tensile strength of the supraspinatus
after reimplantation into a bony
trough: an experimental study in rab-
bits. J Shoulder Elbow Surg 11:504–
509
55. Valhmu WB, Stazzone EJ, Bachrach
NM, Saed-Nejad F, Fischer SG, Mow
VC, Ratcliﬀe A (1998) Load-controlled
compression of articular cartilage in-
duces a transient stimulation of aggre-
can gene expression. Arch Biochem
Biophys 353:29–36
56. Verstraeten AA, Mackie EJ, Hageman
PC, Hilgers J, Schol DJ, De Jongh GJ,
Schalkwijk J (1992) Tenascin expression
in basal cell carcinoma. Br J Dermatol
127:571–574
57. Wertzenberger KL, Peterson HA (1980)
Acquired spondylolysis and spondylo-
listhesis in the young child. Spine 5:437–
442
58. Wiltse LL (1962) The etiology of
spondylolisthesis. J Bone Joint Surg 44-
A:539–560
59. Wiltse LL, Widell EH, Jackson DW
(1975) Fatigue fracture: the basic lesion
in isthmic spondylolisthesis. J Bone
Joint Surg 57-A:17–22
60. Wong MW, Qin L, Lee KM, Tai KO,
Chong WS, Leung KS, Chan KM
(2003) Healing of bone-tendon junction
in a bone trough: a goat partial patel-
lectomy model. Clin Orthop 413:291–
302
61. Wright IP (2003) Who was Meyerding?
Spine 28:733–735
62. Wynne-Davies R, Scott JH (1979)
Inheritance and spondylolisthesis.
J Bone Joint Surg 61-B:301–305
63. Zippel H, Abesser EW (1965) Zur
wirbelbogendysplasie und spondylolis-
thesis im ersten lebensdezennium. Arch
Orthop Unfallchir 58:242–259
64. Zippel H, Runge H (1976) Pathologi-
sche anatomie und pathogenese von
spondylolyse und spondylolisthesis im
kindesalter. Z Orthop 114:189–201
971
